Conception and design, Interpretation of data, Drafting and revising the article; S.H., Data acquisition and analysis.
INTRODUCTION
more than two peaks) were also removed. On average approximately 8% (std 3%) of the trials were 130 discarded for each subject. There was no significant difference in the number of discarded trials 131 between the two arms. 132
We quantified intertrial variability for each of three kinematic components: movement 133 direction, movement extent, and peak movement velocity. Movement extent and peak velocity 134
variabilities were normalized by their respective means so as to compute the coefficient of variation 135
(CV). This was necessary, because the variability of these kinematic components scales with their 136 mean (speed-accuracy trade-off; Schmidt et al., 1979) . Movement direction variability was 137
quantified by the standard deviation (SD) across trials. Each of these measures was computed for 138 each target and each subject separately and then averaged across targets to compute a single extent, 139
peak velocity, and direction variability measure for each subject. 140
MRI acquisition and preprocessing. Imaging was performed using a Philips Ingenia 3T MRI 141
scanner located at the Ben-Gurion University Brain Imaging Research Center. The scanner was 142 equipped with a 32 channel head coil, which was used for RF transmit and receive. Blood 143 gray, and white matters based on image intensity. Individual brains were registered to a spherical 151 atlas which utilized individual cortical folding patterns to match brain geometry across subjects. 152
Each brain was then parcellated into 148 cortical ROIs using the Destrieux anatomical atlas 153
(Destrieux et al., 2010). Functional scans were subjected to motion correction, slice-timing 154 correction and temporal high-pass filtering with a cutoff frequency of two cycles per scan.
Time course analysis. To ensure that our estimates of intertrial fMRI variability were not 159 generated by head motion, respiration, and blood flow artifacts, we removed the following 160
components from the fMRI time-course of each cortical voxel, through linear regression: (1) six 161 head motion parameters obtained by rigid body correction of head motion (three translations and 162 three rotations), (2) fMRI time-course from the lateral ventricles, and (3) the mean fMRI signal of 163 the entire cortex (i.e., global component). In addition, we normalized the time-course of each voxel 164
to a mean of zero and unit variance (i.e., Z-score). This ensured that overall time-course variance 165
was equal across subjects such that our measure of inter-trial fMRI variability captured only task-166 related trial-by-trial variability differences across subjects rather than variability associated with the 167 entire scanning session. 168
Identification of regions of interest. Visual and motor regions of interest (ROIs), in both left 169
and right hemispheres, were defined a priori according to a combination of anatomical and 170 functional criteria in the native space of each subject. We first used the automated Freesurfer 171 parcellation pipeline to identify 148 anatomical ROIs in each of the subjects, based on the Destrieux 172 anatomical atlas (Destrieux et al., 2010). We then selected the 100 continuous functional voxels that 173 exhibited the strongest activation when contrasting all movement trials versus rest. To confine thedemonstrate the specificity of the results to the visuomotor cortices. The choice of dlPFC as a 187 control area was motivated by its proximity to the premotor areas and lack of task-related activity. 188
Intertrial fMRI variability. Variability across trials was computed for each subject 189
separately, relative to their mean hemodynamic response in each ROI. We estimated a hemodynamic 190 response function (HRF) for each subject, ROI, and target by computing the mean response across 191 all trials to a given target. Then, we built a general linear model (GLM) with a row for every time-192 point and a column for every trial. Each column contained a delta function at the time point 193
corresponding to the go cue (movement onset), which was convolved with the HRF described above. 194
This enabled us to estimate a response amplitude (beta value) for each trial using multiple 195 regression. Note that by using individual subject HRFs for this analysis, we were able to entirely 196 discount the mean HRF amplitude and shape from our estimates -yielding a pure (isolated) measure 197 of individual intertrial variability relative to the mean. 198
Intertrial fMRI variability was estimated as the standard deviation across beta values (trials) 199
to each of the targets. Before examining the correlations of individual fMRI variability magnitudes 200 across targets and arms, we first regressed-out the subjects' framewise displacement magnitudes. 201
This ensured that individual fMRI variability measures were not generated by potential differences 202 in head motion (Power et al., 2012 were defined using a cube with an edge length of 5 voxels around each gray matter voxel in the 220 native space of each subject. fMRI variability was calculated for each cluster of voxels, as described 221
above in the ROI analysis. After computing the variability map of each subjects, all maps were 222 transformed to a standard cortical surface using Freesurfer, and correlation analysis between 223 kinematic and fMRI variabilities were performed for each kinematic measure using movements 224 performed by either right or left arm. This yielded six correlation maps (three kinematic variables 225 and two arms). A student t-test was used to determine the significance of the correlation across 226 subjects in each vertex. We used FDR correction to correct for the multiple comparisons performed 227 across vertices (Storey, 2002) . 228
Subjects exhibited considerable intertrial kinematic variability in their slice (out-and-back) 231 movements to each of the four targets ( Figure 1B) . We focused our analyses on three kinematic 232 components: direction (at end-point) and extent, which are commonly reported in behavioral studies 233 increasing target distance (Gordon et al., 1994a) . 237
In line with previous findings, we found that the variance of movement extent and peak 238 velocity grew with the mean (correlation across subjects: r = 0.35 and r = 0.53 respectively, averaged 239 across targets and arms). To examine differences in intertrial variability not explained by differences 240
in the mean, we used the coefficient of variation (CV). In contrast, mean movement direction was 241 not correlated with its standard deviation across trials (r < 0.1). There was, therefore, no reason to 242 normalize this measure, so we used the standard deviation (SD) across trials to quantify movement 243 direction variability. 244
When examining each of the kinematic components separately, individual subjects exhibited 245 consistent magnitudes of intertrial variability across movements to different targets ( Figure 2A&B ). 246
Thus, subjects who were, for example, more variable in their movement extents to one target tended 247
to be more variable in their movement extents to all other targets. We quantified this by computing 248 individuals who exhibited large movement extent and peak velocity variabilities did not necessarily 262 exhibit large movement direction variability and vice versa. 263
Intertrial fMRI variability 264
All subjects exhibited robust fMRI responses during the execution of movements, which 265 enabled us to identify six cortical ROIs that are commonly examined in motor system studies ( Figure  266 3): Primary Motor Cortex (M1), dorsal premotor cortex (PMd), ventral premotor cortex (PMv), 267
supplementary motor area (SMA), superior parietal lobule (SPL), and inferior parietal lobule (IPL). 268
In addition to the motor ROIs we also identified ROIs in early visual cortex (Vis), dorsolateral 269 prefrontal cortex (dlPFC), and outside the brain (OOB). 270
We then quantified intertrial fMRI variability in each of the ROIs, separately for each 271 subject, in the following manner: First, we estimated the hemodynamic response function (HRF) in 272 each ROI for each target by averaging the fMRI responses across all movements to that target 273 ( Figure 4A ). We then used the target-specific HRF in a GLM analysis to estimate a response 274 amplitude/beta-value for each trial/movement in the experiment ( Figure 4B ). Note that using a 275 target-specific HRF enabled us to compute single trial responses/beta-values relative to the mean 276 HRF of each subject. This approach discounted potential between-subject differences in the mean 277 amplitude and shape of individual HRFs. Finally, we quantified intertrial fMRI variability by 278 computing the standard deviation across beta-values for each of the targets ( Figure 4B&C ). 279
Intertrial fMRI variability was correlated across all pairs of targets in most of the examined 280
ROIs ( Figure 5A ). Hence, subjects who exhibited more variable brain responses when moving to one 281 were not significant (r < 0.33, q(FDR) > 0.09). This demonstrates that consistent fMRI variability 304 differences across subjects were not due to differences in scanner measurement noise across 305 subjects. Such scanner noise differences would be apparent in multiple ROIs and even in ROIs 306 located outside the brain. 307
Relationship between kinematic and fMRI variability 308
Subjects with larger intertrial fMRI variability in the IPL exhibited larger intertrial extent 309 variability ( Figure 6 ). We examined to what extent between-subject differences in kinematic 310 variability could be explained by fMRI variability measures in right and left ROIs using partial least 311 squares regression. We performed this analysis separately for right and left hand movements and= 0.004) of the between-subject differences in extent variability, 15% of the variability in the peak 314 velocity, and 8% of the variability in movement direction. The IPL was the only ROI where there 315 was a significant relationship between fMRI variability magnitudes and any of the kinematic 316 variability measures. In contrast, intertrial fMRI variability in M1 explained only 2%, 5%, and 4% 317
(q(FDR) > 0.5) of the between-subject differences in direction, extent, and peak velocity variability 318
respectively. Correlations were not significant in all the control ROIs (dlPFC and out of brain, R 2 < 319 8%, q(FDR) > 0.2). 320
Searchlight analysis 321
To examine the spatial selectivity of the cortical-kinematic relationship we performed an 322 additional analysis using a whole-brain searchlight approach (Kriegeskorte et al., 2006). We mapped 323
the correlations between kinematic variability magnitudes and fMRI variability magnitudes across 324 the entire cortical surface, so as not to restrict the analysis to a-priori ROIs. We used a volumetric 325 searchlight cube of 125 functional voxels in the cortical gray matter segmented within the native 326 space of each subject. For each searchlight cube, we calculated the intertrial fMRI variability (as 327 described above for the ROIs) and then registered the resulting variability maps of all subjects to a 328 common inflated brain. We calculated Pearson correlation coefficients to estimate the relationship 329 between intertrial fMRI variability magnitudes and variability magnitudes of each kinematic 330 variable: movement extent, peak velocity, and direction. 331
This analysis yielded three searchlight maps that revealed complementary results to those 332 described above. We did not find any cortical areas where fMRI variability magnitudes were 333 significantly correlated with variability magnitudes in movement direction or peak velocity. 334
Significant positive correlations, however, were found in bi-lateral inferior parietal cortex when 335 examining movement extent (Figure 7) . Note that the searchlight map is highly symmetric across 336 hemispheres and is relatively similar across movements of the right ( enabled us to compute the relative fMRI variability with respect to the actual HRF as opposed to 346 using a canonical HRF that assumes an identical shape and amplitude across subjects. Indeed, when 347 using this method, intertrial fMRI variability was not correlated significantly with mean fMRI 348 response in any of the ROIs (r < 0.15, p > 0.1). 349
Second, we regressed-out the mean fMRI time-courses of the lateral ventricles and an ROI 350
containing all gray-matter voxels (i.e., "global component"). These time-courses represent fMRI 351
fluctuations that may, in part, be associated with changes in respiration, blood pressure, and other 352
non-neural origins. 353
Third, head-motion artifacts can generate fMRI variability across trials. To ensure that our 354 results were not generated by head-motion artifacts, we regressed-out estimated head-motion 355
parameters from the fMRI activity of each voxel in the brain before performing the analyses (see 356 methods). Furthermore, we also computed the mean framewise displacement across head-motion 357 parameters (i.e., the mean amount of head motion across samples/TRs) for each subject. We 358
regressed-out individual values of framewise displacement from the fMRI variability magnitudes 359
before examining correlations across targets and/or arms. This ensured that the reported between-360 subject differences in fMRI variability magnitudes were not generated by underlying differences in 361 head motion across subjects.
variability, which are consistent across movements to different locations when performed by either 365
arm. Individual variability magnitudes in movement extent, peak velocity, or direction were strongly 366 correlated across different targets and across arms (Figure 2 ). This means that an individual who 367 exhibits large movement extent variability to one target is likely to exhibit large movement extent 368 variability to all other targets regardless of the arm that the subject uses to perform the movements. The results also revealed a specific relationship between variability magnitudes in one of the 377 kinematic measures, movement extent, and cortical variability magnitudes in one brain area, the IPL. 378
Indeed, fMRI variability magnitudes in the IPL explained 24% of the differences in movement-379 extent variability across subjects. In contrast, fMRI variability magnitudes in M1 explained only 5% 380 of between-subject differences in movement-extent variability ( Figure 6 ). The specificity of these 381 results was further validated by a searchlight analysis that revealed significant correlations between 382 the kinematic and cortical variability magnitudes only with respect to movement extent and only in 383 IPL (Figure 7 ). Parietal cortex is thought to play key roles in motor planning, sensory motor 384 mapping, and state estimation (Buneo and Andersen, 2006) . We, therefore, suggest that a 385 considerable portion of movement-extent variability is generated by cortical variability associated 386 with movement preparation, rather than cortical variability associated with movement execution. 387
Note that this is the first study to ever examine the consistency of kinematic variability 388 across targets/hand and relate it with cortical response variability in humans. Contemporary modelsimportance of intertrial-variability for motor system flexibility and accuracy. For example, it has 391 been reported that individuals with larger intertrial behavioral variability learn new motor tasks more 392
quickly (Wu et al., 2014) . Note that while larger intertrial-variability may be useful for flexibility 393
and learning, variability in movement accuracy across trials is often detrimental. We, therefore, 394
speculate that the stable between-subject differences in cortical and kinematic variability magnitudes 395 described here are likely to predispose individual subjects to exhibit different motor capabilities. 396
Neural sources of kinematic variability 397
Previous theories have suggested that intertrial kinematic variability is predominantly 398 anterior nidopallium has evolved to inject direct neural variability into the motor circuits that control 424
singing -apparently enabling juvenile birds to learn through trial and error (Ölveczky et al., 2011) . cortex. In this case the causality would be reversed such that the measured fMRI variability would 436 be generated by movement variability (and not the other way around). While it is difficult to entirely 437 rule this option out, it is important to note that we did not find significant correlations between any 438 of the kinematic measures and fMRI variability magnitudes in somatosensory cortices (Figure 7) . 439
The selectivity of the results to IPL argues against such a sensory driven explanation of the results. 440
Finally, it is important to note that we and all previous electrophysiology studies on the topic 441 measured variability only in the kinematics of the movements and not in their dynamics. 
